ABSTRACT
USDA-ARS, Plant Stress & Germplasm Development Unit, Cropping Systems Research Laboratory, Lubbock, TX, 79415. Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the USDA or imply approval to the exclusion of other products that may also be suitable. USDA is an equal opportunity provider and employer. E rect leaf is an important architectural trait that has driven continuous yield gains in maize hybrids since the Green Revolution launched in the 1960s (Duvick and Cassman, 1999) . Both modeling and field experiments demonstrated that the erect leaf feature has considerable yield advantage over flat or drooping leaves (Pendleton et al., 1968; Duncan, 1971; Pepper et al., 1977) . Erect leaf architecture reduces shading to the lower leaves, allows better light distribution to the lower canopy, and thus enables higher plant density (Fellner et al., 2006; Tian et al., 2011; Narayanan et al., 2013) . Furthermore, the increased leaf area index due to erect leaves also serves as an important nitrogen resource during grain filling (Sinclair and Sheehy, 1999) . Consequently, all current maize (Zea mays L.) hybrids grown in the United States possess erect leaf architecture. Erect leaf trait has also been shown to be beneficial in rice (Oryza sativa L.) and other crops (Sakamoto and Matsuoka, 2004; Sakamoto et al., 2006; Li et al., 2009; Isidro et al., 2012) .
Unlike maize, the architecture of sorghum [Sorghum bicolor (L.) Moench] hybrids is from flat to droopy. The architecture of sorghum has remained largely unchanged during the last 50 yr (Assefa and Staggenborg, 2011) . New germplasm with advantageous architecture characters are needed to improve sorghum canopy for increasing biomass and grain production. Genetic stocks with erect leaves, such as liguleless and short leaf mutants, have been reported (Singh and Drolsom, 1973; Burow et al., 2013) , but they have not been incorporated into sorghum breeding program. Here, we register two allelic erect leaf (erl) sorghum mutants, erl1-1 (Reg. No. GS-739, PI 673426) and erl1-2 (Reg. No. GS-740, PI 673427), isolated from an ethyl methanesulfonate induced mutant library developed in a leading sorghum inbred line, BTx623 (Xin et al., 2008; Xin et al., 2009) . Because high-quality whole genome sequence has been completed in BTx623 and the mutants are in otherwise uniform genetic background, these allelic mutants may help identify the gene through mutant mapping approach (Abe et al., 2012) . Together with the previously reported architecture mutants, these two allelic erect leaf mutants may be used to improve sorghum canopy architecture aimed at increasing either biomass production, grain production, or both.
Methods

Generation of the Sorghum Mutant Library
The sorghum mutant library was generated as described previously (Xin et al., 2008) . Briefly, air-dried BTx623 seeds were soaked in 0. 10, 0.15, 0.20, and 0.25% ethyl methanesulfonate (v/v) in water for 16 h at 25°C on rotary shaker at 50 rpm. After thorough wash with tap water, the seeds were briefly dried before planting in the field. The treated seeds were designated as M 1 seeds. The M 1 plants were bagged with a 400-weight rainproof paper pollination bags (Lawson Bags) before anthesis to prevent cross-pollination. Panicles that set seeds were harvested manually and threshed individually. Each fertile panicle was planted as an M 2 head plot. From each M 2 head plot, only one fertile panicle was used to produce the M 3 seeds. Each M 3 family was planted as one plot for phenotype evaluation. The plot length was 4.67 m, with row spacing of 1.02 m. The planting rate of M 3 plots was 80 seeds per plot. Water and fertilizers were supplied by subsurface drip irrigation as needed to maintain optimum growth condition.
Selection of Erect Leaf Mutants
Around boot stage, each M 3 plot was examined carefully for individual plants with more acute leaf angles than the nonmutated BTx623, hereafter referred to as wild-type (WT). In plots that segregated for multiple plants with erect leaf architecture, one of the plants was tagged and harvested to confirm the phenotype in the next generation. Among the 6000 M 3 families evaluated, over 40 lines segregated for leaves with various degree of erectness. Two of the lines with the most erect leaf (narrowest leaf angle) were isolated in 2011 from two independent M 3 families. Both mutants displayed stable erect leaf feature under both field and greenhouse conditions in the last 3 yr of observation. Confirmed mutants were crossed to the WT BTx623. The F 1 plants and the segregation ratio of F 2 plants were used to study the inheritance of the erect leaf feature.
Leaf Angle and Agronomic Traits
The erectness of the leaves was characterized by measuring leaf angles using two different methods as reported for maize (Ku et al., 2012) . Angle 1 is the angle between the main shoot and the line from the leaf base to the inflection point where the leaf blade started to bend downward. Angle 2 is the angle between the main shoot and the line from the leaf base to the leaf tip. The angles were measured by a Pittsburgh Digital Angle Level (Harbor Freight Tools). Ten randomly selected plants from field-grown BTx623, erl1-1, and erl1-2 were used to determine leaf angle, length and width for the top five leaves that were still green and intact at physiological maturity. Due to large variation and tearing, the flag leaf was not measured. The second leaf (the leaf next to the flag leaf) to the sixth leaf were used to measure the leaf traits. Plant height (from the ground to the tip of panicle), panicle length (from the first inflorescence node to the tip of the panicle), and exsertion (from the base of flag leaf to the first inflorescence node of the panicle) were also determined. Seed weight per panicle and 100 kernel weight were determined after 2 d drying in a forced air oven at 80°C. Days to flowering was determined as the number of days from planting to half bloom. All measurements were analyzed with t test on Microsoft Excel 2011.
Characteristics Inheritance of the erl Mutants
Both erect leaf mutants are recessive mutations because the F 1 plants between the WT BTx623 and either mutant had WT leaf angle. When the two mutants were crossed to each other, all F 1 plants had erect leaf, indicating that the two mutations are from the same locus, or allelic to each other. Segregation of the erect trait in the F 2 population was analyzed under field conditions. The F 2 population was grown in 12 rows of 4.67 m length. Individual plants were scored for leaf architecture, with 243 of them showing a wild-type leaf architecture and 78 plant showing erect leaves. This ratio was consistent with a single recessive nuclear gene mutation (P = 0.77).
Leaf Traits
Both erl1-1 and erl1-2 have more acute angles for all the intact leaves on the plants (Fig. 1) . In the WT BTx623, all leaves including the flag leaf bend downward. In the mutants, all leaves are nearly straight with only slight downward bending. In WT BTx623, angle 2 (between main shoot and the line from leaf base to leaf tip) is much larger than angle 1 (between main shoot and the line from leaf base to the inflection point of the leaf blade) with P value < 0.01 (Table 1 ). These two angles are similar in both erl1-1 and erl1-2 mutants. In addition, angle 1 from both mutants is also significantly (p < 0.05) more acute than the WT leaves. All leaves in the erl mutants are slightly shorter than the WT (Fig. 2) . No significant difference was found in leaf width (data not shown).
Other Agronomic Traits
The erl mutants flowered 3 to 4 d later than the WT BTx623 (Table 2) . Otherwise, flower development, pollen production, and seed formation are similar to BTx623. The erl1-1 and erl1-2 plants are slightly shorter than the WT. The panicles of both erl mutants are much shorter than BTx623, with significant reduction in seed yield. However, the seed size (100 kernel weight) in the mutants appears to be slightly higher than BTx623 ( Table 2 ). The reduction in panicle size and seed yield could result either from the erect leaf mutations per se or from background mutations unrelated to leaf erectness. After three rounds of backcrosses to BTx623, the panicle size and seed yield were still smaller than the WT. Furthermore, the F 1 plants from the reciprocal crosses between the two mutants showed similar reduction. Since the two mutants were isolated from two independent M 3 families, the background mutations carried in these two mutants are expected to be different. In the F 1 plants between the two mutants, these background mutations are expected to complement each other. But this did not happen and thus, the reduction in panicle size and grain yield is most likely the consequence of the same mutations that result in erl leaf phenotypes in the two mutants.
Utility of the Erect Leaf Mutants
The erl1-1 and erl1-2 mutants were isolated from independently mutagenized families with otherwise uniform genetic background of BTx623. Thus, these two mutants can serve as materials to identify the gene that control leaf angle through genetic mapping, map-based cloning, or next-generation mapping (Murphy et al., 2011; Abe et al., 2012; Lin et al., 2012) . Sorghum has been proposed as a dedicated crop for biomass production to generate bioenergy (Rooney et al., 2007; Olson et al., 2012) . These erect leaf mutants may be used to improve the leaf angle in biomass sorghum for increasing biomass production through increasing plant density. Two independent allelic erect leaf mutants can be particularly useful in development of high biomass hybrids. For example, one allele, such as erl1-1, can be incorporated into the male parent, while the other allele to the female parent. Because the two independent alleles should carry different background mutations linked to the erect leaf trait, those mutations will be complemented in F 1 plants.
The benefit of these two erect leaf mutants in improving grain yield needs to be evaluated extensively. From the last 3 yr of observation, these two allelic mutants appear to have smaller panicle and lower grain yield than the WT BTx623. However, these two erect leaf mutants can be planted at a higher density because the soil surface area subtended by the leaves, shoot, and panicle during grain-filling period is <50% of the BTx623 (Gitz, personal communication, 2014) . The reduction in the grain yield per panicle may be compensated by increasing plant density. Furthermore, the erect leaf trait may be found more beneficial in different genetic backgrounds other than BTx623. These possibilities can be tested by public access to the materials through this registration.
Availability
Seed for these two allelic erect leaf mutants has been deposited in the USDA National Plant Germplasm System (NPGS) and will be available for research purpose. Small amounts of seed can be requested from NPGS or the corresponding author. We request that the source of the lines be acknowledged and that this registration is cited when referring to these materials and when these materials contribute to marker development, research publications, or cultivar development. 24.7 ± 10.2 † Angle 1 refers to the angle formed by the shoot with the line from leaf base to the inflection point where leaf blade begins to bend downward. Angle 2 refers to the angle formed by the shoot with the line from leaf base to the leaf tip. Panicle length (cm) 31 ± 2.0 23 ± 2.4 23 ± 3.4
Seed weight per panicle (g) 82 ± 8.1 40 ± 10.3 42 ± 12.3 100 grain weight (g) 2.9 ± 0.09 3.0 ± 0.03 3.01 ± 0.03 
